The objective of this research were to evaulate equilibrium moisture contents (EMC) of black pepper using the gravimetric-static method and to study the drying kinetics of pepper using 1-stage hot air (HA) drying, 1-stage infrared (IR) drying, 2-stages drying with microwave (MW) and IR and 2-stages drying with MW and HA including to the specific energy consumption determination. For the first objective, the five saturated salt solutions were used for providing equlibrate state between pepper and surrounding at temperature ranging of 40-65°C correlated to relative humidity ranging of 10-90%. The results showed that EMC value decreased with increasing temperature at constant relative humidity. To evaluate the EMC value, the experimental data was simulated by four conventional EMC models and the criteria of the best fiiting models were determined by the determination of coefficient (R2) and the root mean square error (RMSE) value. The results showed that the calculated value using the Modified Oswin model was the most suitable for describing the relationship among equilibrium moisture content, relative humidity and temperature. To study effect of drying condition on drying kinetics, the initial moisture content and final moisture content after drying of papper sample was in ranges of 300-400% dry-basis and 12-16% dry-basis, respectively. The experimetal data were simulsted using empirical drying models and the results showed that the drying temperature relatively affected to drying rate of pepper while the evolution of moisture transfer was in the drying falling ratefor all drying strategies. The 1-stage IR drying and 2-stages drying with MW and IR provided low specific energy consumption (SEC) (0.11-0.15 MJ/kg of water evaporated) compared to the other drying strategies (0.87-1.52 MJ/kg of water evaporated). Moreover, the SEC of pepper drying decreased with increasing of drying temperature.
Introduction
Pepper has remained the most precious and valuable form of spices in the world. It is the third most added ingredient in food among the wide range of spices. India is one of the largest producers of black pepper, after China and Vietnam. Black pepper has played a pivotal role in India's international trade and it is said that the Europeans came to India primarily for this very spice. A wide variety of black pepper is traded at an international level, with India as one of the top five exporters of black pepper, along with Vietnam, Indonesia, Brazil and Malaysia. Most of the conventional drying treatments used hot-air drying technique. However, the hot air drying is low energy efficiency and has long drying time during falling rate period. Because of the low thermal conductivity of food and grain kernels, heat transfer during conventional heating is also limited. According to heat transfer efficient system, electromagnetic radiation enhancing heat transfer, infrared radiation and superheated steam have been developed and reported since 1994 such as fluidized bed drying and solar drying etc [1, 2] . Use of microwave in drying the products has become commonly because it prevents the decline in quality and ensures rapid and efficient distribution of heat in the material [3] . However, various methods of drying have their own advantages and disadvantages. One of interesting drying method is radiation technique. During the biomaterials are subjected to electromagnetic field, this electromagnetic wave penetrates directly into the sample resulting in fast volumetric heating (from the inside out). The quick energy absorption by water molecules causes vibration and rapid evaporation of water, creating an outward flux of rapidly escaping vapor. When air-drying was compared with combined microwave and air-drying, combined systems were determined to shorten the drying period of biological materials significantly, without causing a decline in the quality of the dry product [4] .
Thus the aims of this work are to determine equilibrium moisture contents (EMC) of black pepper using the gravimetric-static method and to predict the drying kinetics of pepper in various drying conditions [1-stage hot air (HA) drying, 1-stage infrared (IR) drying, 2-stages drying with microwave (MW) and IR and 2-stages drying with MW and HA] under the drying temperature of 50-80°C. Finally, determination of total specific energy consumption (SEC) was comparative determined in each drying conditions.
Material and methods
Material. Pepper (Piper nigrum L.) was purchased from local market in Songkhla province. Raw fresh pepper sample was washed for removing some impurities matter and was placed on net basket in surrounding for releasing excess water. The moisture content of pepper was determined by standard AOAC method [5] . The initial moisture content of pepper was in the ranges of 300-400% dry-basis and the desired final moisture content after drying in each drying strategy was about 12-16% dry-basis. The combined drying system could be operated within 3 drying strategies which were hot air (HA), Infrared (IR) radiation and combined HA and IR heat sources. The cubic drying chamber had dimension of 61×48×53 cm³. Ambient air temperature (dry bulb and wet bulb), drying temperature were measured by K-typed thermocouple connecting to the data locker with an accuracy of ± 0.5°C and drying temperature was controlled by PID unit with an accuracy of ±0.5°C. The IR radiation was provided by electric IR rods of 500×3 W and was exactly hanged by supporter above the sample tray of 15 cm. For drying with microwave in the first stage of experiment, the commercial grade MW oven was used fot this purpose (DAEWOOD model KOR-63D) The MW oven capacity of 21 L and the MW of 2.450 MHz was generated by 220 V 50 Hz supplying to Magnetron source in oven. Maximum power output was 700 W.
Methodology
Determination of equilibrium moisture content (EMC). The four saturated salt solutions for achieving an equilibrium moisture content stage used in this experiments consists of KNo 3 , NaCl, Mg(NO 3 ) 2 •6H 2 O, MgCl 2 •6H 2 O and LiCl. These saturated salt solutions provided relative humidity values of 10-85% relating to their surrounding temperatures of 40-65 °C. Then the pepper samples put in stainless steel basket hanging on each saturated salt solution were put in airtight vials. The vials were placed in an incubator at temperatures of 40-65 °C to obtain final dry matter weight. The moisture content was determined when the sample weight remained unchanged after 3 consecutive weight measurements (0.01 g). The samples were then taken and weighed to determine the final moisture content (can be so-called equilibrium moisture content, M eq ) following the AOAC method [5] . The sample weight was evaluated by means of triplication. Then, the following isotherm models for predicting EMC values were chosen to fitting the experimental data as shown in Eqs. (1)-(4).
Modified Oswin
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Drying Kinetics experiment. Fresh black pepper with initial moisture content of 300-400 % dry basis and final moisture content of 12-16 % dry-basis was dried in dryer at difference the experimental conditions were set-up as follows: the hot-air (HA) drying with air flow rate of 3 m/s, 80°C, Infrared (IR) drying with power 1,000 W, 60-80°C, 2-stages drying using the 1 st stage drying with MW power of 400 W at 3 min and the 2 nd stage drying with HA, 60 and 80°C, Finally, the 2-stages drying with the 1 st stage of MW power of 400 W 3 min and the 2 nd stage IR drying with power of 1,000 W, 50-80°C.
To predict the evolution of moisture transfer against drying time, moreover, the mathematical modeling of thin layer drying equations was formulated. These empirical models and semi-theoretical model were developed from experimental results using the statistical nonlinear regression and the best fitting empirical model were demonstrated in Table 2 . MR=Moisture ratio =(M -M )/(M -M ) , t is drying time (h), and a, b, c, k and n are the constant value.
Determination of specific energy consumption (SEC). Specific energy consumption (SEC) was defined as the energy required for removing a unit mass of water in drying pepper from its the initial moisture content was in the ranges of 300-400% dry-basis and final moisture content was about 12-16% dry-basis. The specific energy consumption was calculated as follows:
where E P is an electrical power consumption (kWh), M in is initial moisture content (dry-basis), M f is final moisture content (dry-basis) and W d is mass of dry solid (kg).
Results and discussions
Equilibrium moisture content (EMC). From the Table 3 , the experimental data of moisture content after equlibriate state between saturated salt solution and pepper samples was statistical analyzed in form of 4 conventional mathematics EMC model. The best fitted coefficients of the EMC equations were simulated and shown in 
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Manufacturing Science and Technology III Drying kinetics and mathematical modeling. The comparison of moisture ratio between experimental and predicted value of drying at various drying condition was carried out in Fig. 4 . This information argued that calculated value using the Page models was the best fitting with experimental value for both IR and two stages of MW-IR drying. In addition, the calculated value using Wang and Singh drying model had a good relation to the experimental values of drying with HA and finally, the simulated 2 stages IR drying (IR and HA drying) results using Logarithmic model had a good relation with exacted value. From the experimental showed that the drying rate of black pepper evidences was in the falling drying rate period. The drying temperature relatively affected to rate of drying for all drying strategies and drying time and specific energy consumption decreased with increase of drying temperature. 
Conclusion
The equilibrium moisture content (EMC) normally related to the surrounding temperature and relative humidity. In this work the EMC value of black pepper can be determined by mathematical model. The appropriate mathematical model equation for the best describing experimental results was the Modified Oswin model. For drying kinetics determination, the conclusion was that the drying rate increased with increasing of drying temperature and the evolution of moisture transfer of pepper samples was in the falling drying rate period. The empirical drying modeling was carried on and the results stated that the Page drying model was the best fitting with experimental value for both 1-stage infrared drying and 2-stages of Microwave (MW) and infrared (IR) drying while the Wang and Singh drying model had a good relation to the experimental values for drying with 1-stage hot air drying. Finally, the simulated 2-stages drying results using Logarithmic model had a good relation with exacted value. Due to energy consumption analysis, the specific energy consumption of 2-stages drying with MW and IR had relatively low compared to the other drying methods. 
